A kinetic model is developed of Teflon ablation caused by a plasma. The model takes into account the returned atom flux that forms in the non-equilibrium layer during the ablation. This approach makes it possible to calculate the ablation rate for the case when the Teflon surface temperature and the density and temperature in the plasma bulk are known.
The problem of the ablation controlled discharge has a common general interest in a number of applications such as electric fuses, circuit breakers, soft x-ray, pulsed plasma thrusters and extreme ultraviolet sources [1] [2] [3] [4] [5] . In these devices, the discharge energy is principally dissipated by ablation of wall material, which then forms the main component of the discharge plasma. The ablated vapour increases the pressure within the capillary and the plasma is expelled through the exit.
Previously, most of the plasma models of the ablated controlled discharge employed the Langmuir relationship [6] , which is limited to the case of material ablation into a vacuum. For the conditions of a pulsed plasma thruster (PPT) this approach was also recently used [7, 8] . However, the process of ablation in the ablation controlled discharge should be described taking into account the fact that in the Teflon cavity the vapour does not expand into vacuum but rather into a volume discharge. For application to the vacuum arc discharge, a kinetic model of the cathode vapourization in the nonequilibrium plasma layer was developed by Beilis [9, 10] . It was shown that the flux of returned atoms toward the surface can become comparable to the flux of vaporizing atoms. It was also concluded [9, 10] that the parameters at the outer boundary of the kinetic layer are close to their equilibrium values and that the velocity at the outer boundary of the kinetic layer is much smaller than the sound velocity. Therefore, it was found that the cathode erosion rate in an arc discharge by vapourization is much smaller than the solid body evaporation rate into vacuum. In the present work we employ a kinetic approach similar to that used for the cathode vacuum arc evaporation to calculate Teflon ablation parameters. As an example, the conditions typical for an electrothermal PPT are considered [4, 7] .
The problem starts by considering the non-equilibrium kinetic layer near the evaporating surface. Let us consider the structure of the near surface layers in detail as shown in figure 1. One can distinguish two different layers between the surface and the plasma bulk: (1) a kinetic non-equilibrium layer adjusted to the surface with a thickness of a few mean free paths (the Knudsen layer), (2) a collision-dominated non-equilibrium layer, where the electron and heavy particle temperatures differ. It is assumed that at the right edge of the second layer, all species (ions, neutrals and electrons) reach thermal equilibrium. The basic idea of the present model consists in combining the model for the kinetic layer [9] [10] [11] with hydrodynamic layer analyses in the second layer. Use of the general plasma model [7] in the equilibrium region provides the electron temperature T 2 and plasma density n 2 . Firstly, we briefly introduce the kinetic model of the nonequilibrium layer. According to the approach of the work in [9] and [10] (using Anisimov's [11] assumption that the velocity distribution function for the returned particles is M Keidar et al βf 1 (V ) , where β is a proportionality coefficient and f 1 (V ) is the Maxwellian distribution function shifted by V 1 , V is the velocity vector) the relation of the heavy particle parameters at the outer boundary of the kinetic layer in the case of arbitrary velocity V 1 are as described by the following set of equations:
where
is the error function, T 0 is the surface temperature and n 0 is the equilibrium density.
Very recently it was shown that the velocity at the outer boundary of the kinetic layer V 1 strongly affects the kinetic layer parameters [12] . To find the velocity V 1 we apply the mass and momentum conservation equations for heavy particles in the hydrodynamic region (assuming a single fluid model) between boundaries 2 and 3. Assuming weakly ionized plasma in the hydrodynamic layer, the integration of the mass and momentum conservation equations yields the following relations between parameters at boundaries 2 and 3:
Combination of these two equations yields the following expression for the velocity at the outer boundary of the kinetic (Knudsen) layer:
This equation makes it possible to calculate the velocity at boundary 1 and therefore to calculate the ablation rate that is proportional to V 1 n 1 . The system of equations is closed if the equilibrium vapour pressure can be specified. In the case of Teflon, the equilibrium pressure formula is used:
where P = n 0 kT 0 is the equilibrium pressure, P c = 1.84 × 10 20 N m −2 and T c = 20 815 K are the characteristic pressure and temperature, respectively [4] .
The solution of the problem depends upon plasma density n 2 , plasma temperature T 2 and surface temperature T 0 . The parameters n 2 , T 2 are determined by the bulk plasma flow. It was estimated from various experiments that, under typical PPT operation conditions, the plasma density near the Teflon surface is about 10 21 -10 24 m −3 , the plasma temperature is about 1-4 eV and the Teflon surface temperature T 0 is about 600-650 K [4, 7, 8, 13] . In the present paper we present solutions with n 2 , T 2 and T 0 as parameters in the ranges mentioned above. The dependence of the velocity V 1 on the electron temperature T 2 is shown in figure 2 with surface temperature T 0 as a parameter for given n 2 . One can see that the velocity V 1 remains small over the entire range of plasma temperature and generally decreases with temperature increase. The velocity V 1 is very sensitive to the plasma temperature variation in the case of relatively small surface temperature. As a result of this dependence, the ablation rate also decreases with increasing electron temperature as shown in figure 3 .
Ablation rate contours in the plane with the plasma density and Teflon surface temperature as the coordinates are displayed in figure 4 . The same ablation rate that can be found in the high and low density range corresponds to the solution of the problem with small and large velocity at the outer boundary of the kinetic layer, respectively. There is no solution for the ablation rate in regions above the curve with ablation rate equal to zero. This region in the n 2 -T 0 plane corresponds to the case when the right-hand side in equation (4) is negative. The physical meaning of these results can be explained as follows. In the ablation-controlled discharge, the plasma density in the bulk is determined by the rate of ablation from the surface. In the case of small surface temperature one can expect a smaller ablation rate and therefore high plasma densities in the discharge cannot be generated. It is important to note that the present model predicts the dependence of the ablation rate on the plasma bulk density, electron temperature and the surface temperature. It is also found that the flow velocity at the outer boundary of the kinetic layer (that determines the ablation rate) is smaller than the sound velocity under typical PPT conditions. In this sense the present model is different from previously used approaches [7, 8] , where the ablation rate was determined by the surface temperature only and the sonic velocity was assumed at the outer boundary of the kinetic layer.
In the typical range of PPT parameters considered the maximum ablation rate was calculated to be about 300 kg m −2 s −1 . It should be noted that the average ablation rate measured in experiments is in the range 1-40 kg m −2 s −1 depending on the parameters n 2 , T 2 for different thruster types [4, 13] . During the discharge pulse, the plasma parameters vary so that near the current peak one can expect an ablation rate higher than average while towards the end of the pulse the ablation rate decreases. The time-averaged ablated mass calculated using this model for baseline PPT-4 is about 24 kg m −2 s −1 , which is close to that measured in the experiment (∼29 kg m −2 s −1 , [13] ). In summary, we have developed a kinetic model of the material ablation in an ablated controlled discharge with application to a pulsed plasma thruster. The model accounts for the case when the velocity at the outer boundary of the kinetic layer is smaller than the sound velocity due to the presence of a high-density discharge plasma. The present model can be coupled with a plasma discharge model to describe the electrical discharge self-consistently.
